Modern resistive pulse sensing techniques can be used to measure nanoparticle electrophoretic mobility, and hence ζ-potential. In contrast to conventional light scattering methods, resistive pulse sensing produces particleby-particle data. We have used tunable resistive pulse sensing (TRPS) to compare methods for measuring the ζ-potential of carboxylated polystyrene nanoparticles. The five particle sets studied had nominal surface charge den- * Corresponding author, g.willmott@auckland.ac.nz, Tel: +64 9 9239998
Introduction 1
Measuring the ζ-potential of nanoparticles in solution is crucial for un-2 derstanding and predicting the long-term stability of suspensions. Even 3 in a well-characterised solution, it is difficult to accurately predict the ζ-4 potential from first principles [1] . Existing techniques for ζ-potential mea- Such measurements are not trivial in nature, especially for relatively non-8 uniform particle distributions, and they employ experimental procedures and 9 data analysis methods that can affect the ζ-potential value. The science of 10 nanoparticle ζ-potential measurement can be developed by studying mea-11 surement consistency across different experimental conditions, apparatus and 12 analysis methods.
13
Resistive pulse sensing (RPS) can be used to measure the ζ-potential of 14 particles in solution based on their electrophoretic mobility. In RPS, an elec-15 tric potential is used to drive ionic current through an electrolyte-filled pore 16 within an insulating membrane. If an insulating particle moves through the 17 pore, the resistance across the membrane is increased, producing a transient 18 decrease in measured current from the 'baseline' level, known as a resistive 19 pulse ( Fig. 1(a) ). Subsequent to development of this technique in Coulter that RPS could also be used for particle charge measurement. Nanoparticle 
Our experiments employ a variant of RPS known as tunable RPS (TRPS),

31
in which the sensing pore is within an elastomeric membrane, which enables 32 nanoscale 'tuning' of the pore geometry by the symmetric application of 33 macroscopic stretch [11] [12] [13] [14] . Tuning may be used, for example, to optimise 34 the signal-to-noise ratio [14] 
45
In this study, the ζ-potential of a particle (ζ particle ) is measured by de-46 termining its electrophoretic mobility in the Smoluchowski approximation,
47
in which particle size is much greater than the Debye length. Based on the 
Here C is the volume concentration of particles, ε and η are the fluid per-51 mittivity and viscosity, and ζ pore is the ζ-potential of the pore wall. E is the 52 applied electric field, A is the cross-sectional area of the pore, and Q p is the 53 volumetric rate of pressure driven flow through the pore. Pressure-driven 54 flows in resistive pulse sensing have recently been studied elsewhere [36, 37] .
55
Bulk transport via diffusion is typically negligible for TRPS [18] , and it is assumed that the gradient of the pore wall is shallow enough (on the length 57 scale of a particle) that the geometry can be considered locally cylindrical.
58
In experiments, we apply an external pressure across the fluid cell (P applied ),
59
and measure the value P 0 at which the transport mechanisms are balanced,
60
so that there is no net motion of particles through the pore (J = 0), and
To calculate ζ particle , a semi-analytical model has been developed ([8, 9], see
62
Supporting Information) to incorporate specific pore geometry, and therefore
63
to compute E and Q p in terms of P applied , the additional inherent pressure ii Surface groups include both carboxylic and polyacrylic acids.
The five particle sets studied, summarized in membrane (P net ), equivalent to P 2 −P 1 ( Fig. 1(b) of ζ particle , but not to comparative differences between particle sets measured 128 using the same pore. Pulses were identified and analysed using the qNano 129 system's proprietary software (v 2.2).
130
To find ζ pore , electro-osmotic flow (EOF) measurements were performed 131 in microchannels that were custom-synthesized in pieces of the TPU used to 
145
Comparative ζ-potential measurements were made using phase analysis 146 light scattering (PALS) with a Zetasizer Nano (Malvern). Immediately prior
147
to PALS measurements, particles suspended in SEB were sonicated for 5 148 minutes and passed through a 0.45 μm syringe filter to remove aggregates.
149
Each measurement was the mean value of 5 consecutive ζ-potential readings. 
Methods for Finding the ζ-Potential
155
Four methods were used to analyse TRPS data for particle ζ-potential 156 measurement. In all methods, the strategy is to identify P 0 by collecting 157 resistive pulse data while controlling P applied , the pressure applied to the The continuous rate method has been described and used previously [8, 9] . producing an 'S'-shaped curve, and P 0 is determined by calculating the sta-171 tionary point of a least-squares cubic fit to this curve. When the polarity of 172 the applied electric field is switched, P 0 changes because the direction of net 173 electrokinetic particle transport changes -the sign of E changes in Eq. 2. P 0 174 has been found using both continuously increasing and decreasing P applied .
175
The discrete rate method ( Fig. 2(b) ) also identifies P 0 as the pressure at 176 which the minimum pulse rate occurs. In this case, the minimum is found by 177 fitting a parabola to discrete rate data. surements. In the discrete duration method (Fig. 2(d) ), data are collected
195
at discrete P applied values using the same regime as the discrete rate method.
196
As with the continuous duration method, the mean of a Gaussian fitted to 197 the data yields a measurement of P 0 . driven towards the lower half of the fluid cell ( Fig. 1(b) ), so the opposing variability in these measurements is greatest for particle set E, giving unreli-228 able data, and smallest for sets A and B. Consistent with Fig. 3(a) , discrete 229 measurements give lower absolute values of ζ particle .
230
Data obtained using PALS (Fig. 3(b) ) agree with the TRPS data. Ig- discarding events within 50 Pa of P 0 prior to fitting.
247
In general, the continuous rate method offers more precision than the dis-248 crete rate method. The latter method involves a trade-off between precision 249 and time per measurement, which is dependent upon the discrete step size.
250
The discrete raw data (Fig. 2 
Duration Methods
258
Measurements of P 0 using duration methods are summarized in Fig. 4(a) .
259
There are broad similarities to data obtained using the rate methods, such 
269
Calculated ζ-potentials with measurements at ±0.5 V treated as repeats
270
( Fig. 4(b) ) yield a monotonic relationship between σ and ζ particle , other than 271 for particle set E. The relatively large uncertainty in ζ-potentials for particle 
273
For these particle sets, ζ particle values may have high dispersity, or random 274 measurement uncertainly may be relatively large for the specific measurement 275 parameters (including σ) used here.
276
The maximum difference between duration data and the corresponding 277 PALS data is 7.0 mV (absolute) or 25% (fractional) for sets A-D. Across these 278 four particle sets and all four methods (i.e. 16 measurements), the average 279 difference between TRPS and PALS ζ particle values was 3.4 mV (absolute) or 280 15% (fractional). The average uncertainty attributed to repeated measure-281 ment was 10% for the TRPS methods and 11% for PALS. PALS and rate 282 measurements ( Fig. 3(b) ) indicated a higher absolute ζ-potential for particle 283 set C than for set D, suggesting that values of σ (manufacturer-specified) 284 and ζ particle may not be monotonically related. This trend was not observed of the mean) in the case of duration measurements.
293
As with the rate methods, the discrete duration method usually requires 294 less measurement time than the continuous method, but affords less preci-295 sion depending on the discretization. Although pulses close to P 0 are again 296 problematic (naïvely, the FWHM tends to ∞ at P 0 ), each pulse is analysed 297 more closely than for the rate methods, resulting in less uncertainty. Nev-298 ertheless, the Gaussian fit can be significantly affected by individual events,
299
and indeed it is prudent to partially discretise the continuous data by aver-300 aging five consecutive individual events for each data point (Fig. 2) . FWHM 301 pulse durations do not change greatly with pulse magnitude, the latter be- and smallest (0.5 nA) pulses, corresponding to < 30 % variation in particle 305 diameter. The range of mean particle diameters for the sets used here was 306 ∼40% (Table 1 ). This could partly account for the low P 0 value for particle 307 set E. 
320
The continuous and discrete rate data lie either side of the mean in all cases,
321
due to the consistently lower absolute values of ζ particle derived from discrete 322 measurements. The continuous rate data point for particle set C appears
323
here to be an outlier with low reproducibility. This demonstrates how the in- (Table 1) should also 328 be noted.
329
Although the rate methods depend on pulses near P 0 (Section 3.1), the Indeed, ζ potential can in principle be calculated from a single event, without 336 variable pressure [11] . However, the model is designed for an ideal particle travelling smoothly along the central pore axis, and so for individual particle 
Highly Charged Particles
345
In Section 3.1, the high variability of P 0 data and derived ζ-potentials for
346
particle set E (Figs. 3 and 4) was partly attributed to differences in functional 347 groups. In addition, set E has the highest nominal charge of the particle 348 sets used (Table 1) , which may give rise to complications due to competing 349 flow effects near the pore constriction, at the smaller opening ( Fig. 1(b) ). geometry. This consideration of transport details reveals that complexities 360 in particle transport will not be captured by Eqs. 1 and 2.
361 Figure 6 shows that particle transport can be asymmetric about the pore 362 constriction. In this example, any on-axis particle near the small pore open-363 ing (on either side) will be transported away from the pore, potentially cre-364 ating a region of depleted particle concentration around the pore opening.
365
Particles approaching the constriction from above the membrane move differ-366 ently to those moving from within the pore. This asymmetry could explain 367 differences between P 0 magnitudes (relative to P inherent ) for positive and neg-368 ative applied voltages, which are especially evident for duration method data.
369
Perhaps more importantly, competing mechanisms produce a higher like- perhaps passing through multiple times, rather than cleanly passing through.
374
In our experiments, competition between pressure-driven and electrokinetic 375 transport is increased when particles have high charge. There is also greater 376 range of P applied at which abnormal pulses were observed, although this could of P 0 measurement is similarly uncertain for particle set E. the pressure at which the average particle flux is zero, because it is possible 387 for particles to be moving through the pore in both directions, promoted 388 by transport variation across the pore width. As for maximised duration,
389
the dominant transport mechanism acting on a particle can vary as it moves 390 along the z-axis on length scales comparable to the size of the particle.
391
This Section reveals clear directions for future improvement of TRPS- (Table 1) . Vertical dotted lines indicate P 0 , determined as described in Section 2.
Highlights:
x 3 new ways to find zeta potentials using tunable resistive pulse sensing (TRPS). x Comparative measurements using 5 particle sets, 4 TRPS methods and light scattering. x Values and reproducibility are comparable to the standard light scattering method. x Significantly developed assessment of uncertainty relative to previous TPRS work.
